High moisture content materials present challenges for direct liquefaction. We herein report an effective way to liquefy high moisture content feedstocks in supercritical ethanol with a Ru/C catalyst. The Ru/C catalyst converts some of the ethanol into hydrogen through steam reforming. Additional hydrogen is produced by the water gas shift reaction. During this process, water is converted into gaseous products.
Introduction
There is increasing interest in the liquefaction of coal and biomass to produce liquid hydrocarbons, 1,2 since liquid fuel is currently considered the best energy carrier for the transportation sector. However, high moisture content materials such as microalgae and lignite pose challenges for direct liquefaction. [3] [4] [5] A feedstock drying procedure is commonly required, which increases cost dramatically.
Liquefaction in high-temperature water (HTW) is one method of avoiding the need for drying. HTW is generally dened as liquid water above 200 C or at sub/supercritical water (SCW)
conditions. [6] [7] [8] In HTW liquefaction, water serves as both solvent and reactant, and there is no need to remove moisture from the feedstock prior to reaction. Numerous investigations have covered liquefaction of various materials in HTW. [7] [8] [9] [10] [11] The disadvantages of HTW liquefaction include the need for high temperatures and pressures, and the production of liquid fractions with a relatively high oxygen content. 12 In additional, oil/ water separation is necessary aer HTW liquefaction.
Methods that utilize organic solvents such as tetralin, toluene, or acetone instead of water have also been investigated. 13 Among supercritical organic solvents, ethanol may be the most attractive for liquefaction, because it is both effective and renewable.
14 Supercritical ethanol exhibits excellent properties for liquefaction. The critical temperature and pressure of ethanol (243.2 C, 6.38 MPa) are far below that of water. Ethanol can act both as solvent and reactant. Ethanol can generate a H 2 -rich reaction environment through steam reforming in the presence of water. 14 Additionally, ethanol can react with acidic components through esterication.
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Previous studies have reported liquefaction of biomass, biomass-coal mixtures, and upgrading of crude bio-oil in supercritical ethanol. Feedstocks in these studies included lignocellulose, 15 lignin, 16 cellulose, 15, 17 sewage sludge, 18 and microalgae. 19, 20 However, most of these feed stocks were pretreated by drying to remove the water. 21 Some researchers used mixtures of ethanol and water as solvent. Although synergistic effects were found with an ethanol/water solvent system, postreaction separation of the water phase was needed, 1, [22] [23] [24] and the separation of water soluble products was cost too much energy. Thus, it is important to seek effective methods of liquefaction in water/ethanol systems that avoid the need for post-reaction water separation and the water soluble products, thereby decreasing operational and capital costs.
Use of ethanol as H 2 -donor through steam reforming with water could potentially remove water and upgrade oil by hydrogenation. Catalyst are necessary to improve yields. Some catalysts such as KOH, K 2 CO 3 , Ca(OH) 2 4 Heterogeneous catalysts have gained attention due to their low corrosivity and ease of recovery. Ruthenium (Ru) in particular has proved to be one of the most effective catalysts for gasication. Previous research showed that Ru/C catalysts were highly active in gasication reactions, producing relatively high yields of hydrogen. 25, 26 It is well known that hydrogen gas has a positive effect on liquefaction in the presence of catalysts such as Pt and Ru. Thus, Ru was the choice catalyst for lignite liquefaction.
7,27
Liquefaction of lignite with Ru/C catalyst in supercritical ethanol was tested. Lignite is considered a low rank coal with high moisture content (10-40 wt%), sometimes as high as 75 wt%. There are about 2.6 trillion tons of worldwide lignite reserves. The high volatility and poor thermal stability of lignite make it a less suitable fuel for direct use, but a promising candidate for liquefaction. However, few studies have investigated the catalytic liquefaction of lignite.
To the best of the authors' knowledge, no work has been reported on the liquefaction of high moisture feedstocks with Ru. The current work seeks to ll that gap by systematically investigating lignite liquefaction in the presence of ethanol with Ru catalysis. The effect of each component in the Ru/ ethanol/lignite liquefaction system was determined by comparison with a control run lacking that component. The effects of reaction temperature and time on the product distribution were studied for temperatures between 350 and 450 C, and reaction times between 5 and 120 min. Changes to the properties of the oil were identied and analyzed by gas chromatography/mass spectrometry (GC/MS).
Materials and methods

Materials
The lignite used in this study originated from Zhaotong (Yunnan, China). X-ray photoelectron spectroscopy (XPS) data were obtained with a ULVAC PHI 5000 Versa Probe-II instrument. The spectra of all the elements in the sample are shown in Fig. 2 . Fig. 2a shows the binding energy of C 1s + Ru 3d, and O 1s, indicating the presence of C and O. The spectrum intensity of Ru is somewhat low due to the low concentration of Ru, 5 wt% relative to carbon. As shown in Fig. 2b , the peaks located from 456 eV to 471 eV indicate the presence of Ru, RuCl 3 , RuO 2 and RuO x . Fig. 2c indicates that only a small portion of the oxygen on the catalyst is present as ruthenium oxide.
Procedure
316-stainless steel mini-batch (10 mL) reactors, previously described in detail, were employed for liquefaction experiments. 28, 29 Reactions were initiated by placing the reactors vertically in a Techne Fluidized Sand Bath (model SBL-2).
In a typical run, 0.096 g of lignite powder (particle size <0.178 mm), 0.048 g of Ru/C catalyst (50 wt% of lignite), and 0.87 g ethanol were added to the reactor. Aer the reactor was loaded, the cap assembly was connected and securely tightened to seal the reactor. The air inside the reactor was replaced with helium by repeated cycles of evacuation and charging with He (280 kPa). The 280 kPa of helium that remained in the reactor served as an internal standard for the quantication of gas yields. Aer helium was loaded, the reactor valve was closed and the reactor assembly was lowered vertically in the preheated Techne Fluidized Sand Bath set to the desired reaction temperature. The temperature was controlled by a Techne TC-8D temperature controller with a precision of AE2 C. The reactor body was entirely immersed in the heated uidized bed of aluminum oxide particles, but the valve remained a few inches above the surface, as it could not withstand the high temperatures of the sand bath. The reactor temperature reached the set-point temperature of the sand bath in about 3 min and remained isothermal for the desired reaction time, at which point the reactors were removed from the sand bath. A fan was employed to cool the reactors to room temperature in just a few minutes. Hence, heat-up and cool-down times were usually short compared to the overall reaction times.
Aer cooling to room temperature, the reactor was connected to a GC gas sampling valve. The reactor valve was opened and gases in the reactor owed into the GC sample loop. Once gas analysis was complete, residual gases in the reactor were expelled completely. Reactors were opened, and dichloromethane was added to recover the liquid and solid products. To ensure the complete recovery, the reactor was washed three times, each with 9 mL dichloromethane. The collected solid and liquid phases were separated by organic lter head. The separated solid residue and lter head were dried in an oven at 75 C for 48 h and weighed. The weight of solid residue was calculated by subtracting the weight of the lter head and the catalyst. The dichloromethane and ethanol were removed from the liquid phase using a rotary evaporator under vacuum. The material remaining in the ask aer rotary evaporation was the oil. The gaseous products were analyzed by an Agilent Technologies model 7820A gas chromatograph (GC) equipped with a thermal conductivity detector (GC-TCD) and a 15  Â 1/8 in. i.d. stainless steel column, packed with 60 Â 80 mesh Carboxen 1000 (Supelco). Argon served as the carrier gas. The liquid phase was weighted by an electronic balance AL204 and analyzed by a GC-MS (PE SQ 8T-680) equipped with an Elite-5MS capillary column.
To investigate the effect of temperature and reaction time on oil composition, the oil fractions obtained at different reaction conditions were analyzed by GC-MS. 5 mL of dichloromethane was added in the rotary to dissolved the oil and 5 mL of solvent was injected for each analysis so that spectra could be better compared run to run.
The method adopted in this work as well as in many other studies 4, 30, 31 for the separation and quantication of the oil products causes some errors, since low boiling point components such as propane may be lost during the ltration and rotary evaporation steps. Some results indicated that these lighter materials are present in small quantities, but are difficult to quantify. It also should be noted that the total mass of products varied considerably, mainly because of the behavior of ethanol as both reactant and solvent. The presence of ethanol greatly enhanced apparent gas yields and also affects the yield and composition of the liqueed oil. As both ethanol and lignite participated in the reaction, we used the sum of the mass of ethanol and lignite as the bases for the calculations of oil, solid residue, and gas yields. Further discussion can be found in Section 3. All results reported herein represent mean values for at least two independent trials conducted under nominally identical conditions to determine uncertainty.
Unless otherwise indicated, the yield of each product was calculated as follows: Gas fraction ðmol%Þ ¼ the number of moles of a ceratin gas product molar sum of all the gasedous Â 100%
3. Results and discussion
The effect of Ru/C catalyst
To understand the effect of Ru/C on liquefaction of lignite, control experiments were performed with and without Ru/C. As shown in Fig. 3 , gas composition and product yields were dramatically different between the run with Ru/C (C), and without Ru/C (A). Fig. 3a shows that gas yield was 35 wt% for sample C, the case with ethanol, lignite, and catalyst. It should be noted that comparing with the mass of lignite loaded, the gas yield was over 100 wt%. It was concluded that ethanol took part in the liquefaction and gasication reactions, leading to large apparent gas yields.
Only 2.6 wt% gas yield was detected when lignite and ethanol (sample A) were added without catalyst, as shown in Fig. 3a and b. The dominant gas species was C 2 H 6 , followed by C 2 H 4 and CO 2 , as shown in Fig. 3c . Without catalyst, formation of gas was inhibited, indicating that ethanol cannot serve as an effective H 2 -donor without catalyst. 6.7% oil yield was achieved, indicating oil mainly was from lignite. Since the oil yield was 67% as comparing with lignite weight, liquefaction was the dominant process. Supercritical ethanol is an excellent solvent for macromolecules. Since the dielectric constant of ethanol decreases from 25 to below 4 at supercritical conditions, ethanol becomes more hydrophobic and is better able to dissolve hydrocarbons as it approaches its critical point.
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Moreover, ethanol can react with acids to produce esters. Since the lignite contained 36 wt% volatile material and only 7 wt% ash, it was hypothesized that ethanol could increase the oil yield from lignite liquefaction through esterication.
The effect of Ru/C was investigated. It should be noted that the experiments B was performed without ethanol, so the yield was only divided by weight of lignite. When no ethanol was added (sample B), owing to the lack of solvent, the yield of solid residue was 50 wt%, the maximum value in this study. The yield of oil was only 4 wt%. Gas yield was 21 wt%, suggesting that Ru/C signi-cantly increased gas yield even without ethanol. Clearly, Ru/C can enhance the steam reforming reaction between lignite with water.
When ethanol, lignite, and Ru/C were present, sample C, oil yield was 6.4 wt%, which was close to the 6.8 wt% oil yield obtained for sample A, the case with only ethanol and lignite (no catalyst). It should be noted that there was 35 wt% gas yield and only 0.9 wt% solid residues. The gas yield was increased 13 fold compared to sample A (without Ru).
The main gas fractions for sample C, the case with ethanol, lignite, and catalyst, were H 2 and CH 4 , followed by CO, CO 2 , C 2 H 6 , and C 2 H 4 . Compared to the case without catalyst, sample A, methane production increased 73 fold and hydrogen production increased more than 48 fold with the presence of Ru/C. Duan et al. reported abundant production of CH 4 and CO 2 during hydrothermal liquefaction of microalga with Ru/C catalyst, but only 10 mol% yield of H 2 . 7 These results conrm that ethanol serves as a H 2 -donor in the presence of Ru/C.
To conrm that liquefaction in supercritical ethanol with Ru/C provides an efficient way to remove water from high moisture materials, additional experiments about reaction of water and ethanol with and without Ru/C were carried out. The results show that almost 100% of the water in lignite was converted during the process with Ru/C, meanwhile little hydrogen was detected without Ru/C. Thus, Ru/C catalyst converts some of the ethanol into hydrogen through steam reforming with water (for more details, see the ESI †).
Additionally, oil yield was not increased with Ru/C, but solid residue yield was suppressed, and gas yield increased signi-cantly. Moreover, the quality of the oil was enhanced, as shown in Fig. 4 .
Compounds within the oil fraction were identied by GC-MS and classied into ve groups: phenols, long-chain alkanes (LCAs), esters, polycyclic aromatic hydrocarbons (PAHs), and others. The others including: ketones, aldehydes, ethers, acids, benzenes and alcohols. The total peak areas of the selected major components accounted for 90% of the total chromatogram. Some components contained more than one functional group but were categorized into only one group.
The major category of compounds formed without catalyst was the phenols, which accounted for 28%. This result was expected since the structure of lignite is dominated by aromatic rings. Previous research has shown that lignite has many functional groups, including methyl, ethyl, phenolic hydroxyl, and carboxylic acid groups. 33 The complex structure of lignite leads to the large diversity of components within the liquid product.
Without Ru, esters were the second largest compound in the oil, followed by others and LCAs. Esterication between ethanol and hydrocracked reaction intermediates may be responsible for the ester formation. 16 The organic oxygen in lignite was Fig. 4 The effect of Ru/C catalyst on oil compound distribution (400 C, 60 min, L : E ratio of 1 : 9, and 50 wt% Ru/C relative to lignite). reported to be present in the form of alcohol, phenol, carbonyl, carboxyl, and ether groups. The acids likely arose from the oxygen-containing functional groups of lignite. 33 Esters were also found by Jade, 12 and Tang 34 while studying the liquefaction of biomass with supercritical ethanol, conrming esterication between ethanol and acids.
Others mainly include ketones (7%), alcohols (5%), benzene (4%) and ethers (2%). Higher alcohols might arise from the alcoholysis between ethanol and reaction intermediates, a phenomenon observed previously in the liquefaction of lignite with ethanol.
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In comparison with the non-catalytic process, the effect of Ru/ C was a 6 fold increase in LCAs, a dramatic decrease in phenols, and a reduction in the others group. These results suggest that the catalyst may promote decarbonylation or decarboxylation of oxygen containing functional groups. Related investigations also reported [35] [36] [37] that catalysts may reduce O content by converting carboxylic acids into CO 2 33, 38, 39 and LCAs. Ru/C may also increase the LCA yield through hydrocracking and hydrogenation pathways. Hydrogen yields may seem low in some cases due to the high activity of Ru/C for methanation, CO 2 + 4H 2 / CH 4 + 2H 2 O, which consumes hydrogen and produces CH 4 .
Besides the phenols and others group, heteroatoms and PHAs also decreased 86% and 92%, respectively, with the introduction of Ru catalyst. Since LCAs have a higher heating value, the presence of Ru/C improved the quality of the oil signicantly.
In conclusion, supercritical ethanol with Ru catalyst provides an effective reaction environment for the liquefaction of high moisture material. By enhancing the steam reforming reaction, water can be converted into gaseous products efficiently. Although the Ru catalyst decreased the oil yield through hydrocracking and hydrogenation, it also increased gaseous product yields and suppressed the formation of solid residue. The presence of Ru catalyst accelerated hydrogenation reactions, improving the quality of the oil signicantly.
The effect of temperature
As reported by many researchers, temperature can affect both yield and product quality in a liquefaction process. Thus, all reactions were performed at supercritical conditions. Temperature signicantly affected the products yields, as shown in Fig. 5 . Oil yield increased from 5.1 to 6.4 wt% as temperature increased from 350 to 400 C, but then decreased to 1.5 wt% at 450 C. Yield of solid residue tripled from 400 to 450 . This phenomenon may be explained by observations from a related process. In coal hydrocracking, high temperatures, near 350 C, enhance desirable decomposition reactions leading to more hydrocracking intermediates. Formation of these unstable intermediates results in increased oil and gas production, and reduced yields of solid residue. However, further increases in temperature increase gas formation by accelerating the decomposition and hydrocracking reactions among the intermediates. Further increases in temperatures also promote condensation and re-polymerization reactions to form solid residue. Similar results were reported by Le and Chad, 42, 43 who found that high temperatures promoted oil yields, but that further increases in temperature resulted in increased formation of solid residue and gas.
Temperature also had a signicant inuence on gas composition and gas yield. Gas yield increased 4.5 fold as the temperature increased from 350 to 450 C. The major gas products were CH 4 , H 2 , CO, CO 2 . C 2 H 4 , and C 2 H 6 were also detected. Fig. 5c showed that CH 4 increased as H 2 and CO decreased, indicating that Ru/C has a positive effect on the methanation reaction. Esters decreased from 39 to 23% with the increase in temperature from 350 to 400 C. The esters were likely converted into alkanes, a phenomenon observed previously in the upgrading of extra-heavy crude oil in supercritical ethanol.
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When temperature increased from 400 to 450 C, the esters disappeared, PAHs appeared and were detected at 13%, and phenols doubled. These results are consistent with an enhancement of cyclization reactions and SR formation at high temperatures, since PAHs are considered to be the precursors of SR. Similar results were reported by Zhu et al., who observed that phenolic compounds tend to polymerize into high molecular weight solid products at high temperatures.
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The solid residues were subjected to elemental analysis. Results are shown in Table 2 . The carbon content increased signicantly compared with the raw material (Table 1) , while the oxygen and hydrogen content decreased signicantly. These changes may be caused by hydrodeoxygenation and/or deoxygenation processes during liquefaction. The decrease of N content indicated denitrogenation and/or hydrodenitrogenation. H/C and O/C all decreased, while the higher heating value (HHV) increased aer liquefaction.
The effect of time
The effect of reaction times between 5 and 120 min on the yields of product fractions was investigated at different temperatures C, an E : L ratio of 9 : 1, and 50 wt% Ru/C relative to lignite. Fig. 6a shows the effect of different reaction times on the yields of product fractions at 350
C. An oil yield of 4.1 wt% was obtained in 5 min, which was very close to the volatile material content in the lignite, suggesting that only the readily volatile part of the lignite was liqueed at the low reaction temperature of 350 C and short reaction time of 5 min. As reaction time increased to 15 min, gas yield doubled and oil yield decreased. Fig. 6b and c show detailed information about the gaseous products. The gas composition follows the trend, in order of abundance, CH 4 > H 2 > CO > CO 2 > C 2 H 6 > C 2 H 4 . CO and H 2 decreased as the CH 4 increased, suggesting Ru/C accelerated methanation.
The oil compound distribution is shown in Fig. 6d . At 350 C, esters were the major compounds, especially at short reaction times. Esters accounted for more than 64% at reactions times of 30 min and shorter. LCAs were the second most predominant species, followed by phenols, others and heteroatoms. No PAHs were detected until 120 min. As reaction time increased, more LCAs and phenols were produced, along with compounds within the other group. The effects of reaction time at a temperature of 400 C are depicted in Fig. 7 . Oil yield steadily increased from 2.5 to 6.4 wt% as reaction time increased from 5 to 60 min, then leveled off. Solid residue yield decreased as reaction time increased from 5 to 60 min. Gas yield increased with reaction time.
As shown in Fig. 7d , LCAs generally increased with reaction time while yield of esters generally decreased, possibly due to the catalytic effect of Ru/C. Phenols increased from 4% at 5 min to 13% at 120 min. The most abundant compounds were LCAs, accounting for nearly two-thirds of the total area at the optimum reaction time, 60 min.
Thus, increasing reaction temperature from 350 to 400 C, and lengthening reaction time to 60 min had and overall positive effect on lignite liquefaction with Ru/C. Fig. 8 shows the temporal variation of products at 450 C from 5 to 120 min. The gases are the dominant product. Gas yield increased from 32 to 78 wt% as time increased from 5 to 60 min. Thereaer, gas yield leveled off. The SR yield gradually decreased from 2.2 wt% at 5 min, to 1.5 wt% at 60 min, and then leveled off. Thus, gasication was the dominant reaction at 450 C.
Oil compound distributions were in agreement with this observation. LCAs dominated at 5 min reaction time, accounting for 74% of the peak area, but decreased to 34% peak area at 120 min. From 5 to 120 min, peak area of PAHs increased 20 fold, and peak area of phenols doubled. Guan similarly observed a decrease in LCAs with time while studying the gasication of algae at 500 C. 28 The dominant LCAs at 5 min were C21-C27 alkanes. Aer 120 min, C12-C18 alkanes became the dominant LCA species, suggesting that LCA bonds were broken as reaction time increased.
Gas phase products CH 4 , CO 2 , and C 2 H 6 increased with reaction time. The highest CH 4 yield achieved was 19.7 mmol g À1 at 60 min reaction time. Aer 5 min, only 7.7 mmol g À1 CH 4 was produced. CO and H 2 achieved high yields of 4.5 and Fig. 6 The effect of time on (a) yield of product fractions, (b) gas component yield (mmol g Fig. 8 The effect of reaction time on (a) yields of product fractions, (b) gas component yield (mmol g À1 ), (c) mol% yield of gas components, and (d) oil product distribution (reaction conditions: 450 C, E : L ratio of 9 : 1, 50 wt% catalyst loading relative to lignite). Fig. 7 The effect of time on (a) yields of product fractions, (b) gas component yield (mmol g 5.0 mmol g À1 , respectively, at 5 min, and changed only slightly thereaer. Overall, for the high reaction temperature of 450 C, longer reaction times favored gaseous products and PAH formation, and disfavored LCA yield.
Conclusions
Efficient liquefaction of lignite in supercritical ethanol can be achieved with a Ru/C catalyst. Ru/C was effective in utilizing ethanol as an in situ hydrogen supply through steam reforming with water. Additional hydrogen is produced by the water gas shi reaction. During this process, water is converted into gaseous products. The maximum oil yield, 6.4 wt%, and minimum solid residue yield, 0.9 wt%, were obtained at 400 C and 60 min with an E : L ratio of 9 : 1, and 50 wt% catalyst loading relative to lignite. The dominant species in the oil were LCAs, esters, and phenols. Gas yield was 20.8 mmol g À1 at these
conditions. The major gaseous products were CH 4 , H 2 and CO. Ru/C catalyzed hydrogenation reactions, thereby improving the quality of the oil. Lower or higher temperatures led to reduced oil yields. In general, liquefaction in supercritical ethanol by Ru/ C provides an effective way to treat high moisture materials and produce high quality fuels.
